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ABSTRACT 

I .. 

Rates of ionic mass transfer at nickel electrodes 
rotating about their axes In the center of stationary 
electrodes were studied using the ferri-ferrocyanide 
oouple In alkaline solutions. A general mass transfer 
correlation was found to apply equally well to the dis- 
solution rates of rotating solids and to the rates of 
ionlo mass transfer at rotating electrodes. This cor- 
relation takes into account the physioal properties of 
the system as well as geometric and hydro dynamic factors. 
The correlation enables the prediction of limiting cur- 
rents and concentration polarisation at rotating elec- 
trodes under a wide range of conditions. 

The nature of the polarisation involved in the 
reduotion of Fe(CNfe~» and the oxidation of Fe(CN#* was 
also Investigated. The polarisation was found to depend 
strongly on the presence of "electrode poisons." With 
freshly prepared solutions, under exclusion of light and 
with eathodlcally treated nickel electrodes relatively 
small ehesdcal polarisations were determined. For rota- 
tional speeds not exceeding Reynolds number 11,000, the 
chemical polarisation was found to be negligicle in com- 
parison with the concentration polarisation* Under such 
conditions the ferro-ferrioyanide oouple can be conveni- 
ently used to obtain mass transfer rates for various 
hydrodynamic conditions, or, conversely, to verify the 
validity of mass transfer equations by a comparison of 
experimental .and calculated values of limiting currents 
and concentration polarisation. 

The rotating electrode model was found to be 
most suitable for studying the nature of eleotrolytio 
polarisation phenomena on aocount of the uniformity of 
the current distribution as well as of the hydrodynamio 
diffusion laver at the electrode surfsee. 
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1 *• IKTHOEHJCTION 

| The study of mass transfer at working electrodes has been 

\ found to be of fundamental importance (1, 2) in the analysis of 

electrode phenomena and in the consideration of concentration 

polarisatirn, limiting currents and rates of eleotrode reactions. 

In recerc years several typical oases have been analysed by means 

ox' +i<~ methods of hydrodynamics and boundary layer theory, and for 

a few models experimental results were successfully correlated 

(1, 2), The effect of natural convection in electrolysis was 

quantitatively evaluated among others by Wagner (3) and Wllke et 

al. (4). The case of rotating disc electrodes was treated mathe- 

matically by Levich (5). This theory is applicable as long as the 

diffusion boundary layer at the disc is laminar. Along the lines 

suggested by Agar (6), Lin et al. (7) correlated limiting current 

densities for the inner electrode of an annular cell with stream- 

line and turbulent longitudinal flow. An extension of this study 

for laminar and turbulent flow along flat plate eleotrodes was 

recently completed by Lin et al, (8). 

The present investigation is eonoerned with oylindrioal cen- 

tral eleotrodes rotating in concentric cylindrical cells. Among 

the many possible methods of stirring the oase of a rotating elec- 

trode is most noteworthy not only because it affords experimental 

reproduoibillty, but also because it offers the application of 

methods of hydrodynamics and mass momentum transfer analogy in 

the interpretation and correlation of data (9, 10, 11), The 

theoretical analysis of this problem in oase of electrodes it 

further facilitated by the uniformity of current distribution 

resulting from the geometry of cono©ntrio oylindrioal eleotrodes 
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and the uniform thickness of the diffusion layer formed on the 

rotating electrode. 

In reoent years rotated electrode surfaces have found a num- 

ber of applications in chemical analysis as well as in corrosion 

studies as a parallel tool to the polarographic methods (12, 13). 

Industrial applications of this forced convection model are known 

and further important uses are anticipated. 

The effeot of the speed of rotation upon the rate of mass 

transfer was first studied by Brunner (14, 15). He found that the 

diffusion layer thickness, %;  decreases with the 2/3 power of the 

speed. However, he considered neither the effeot of rotor diame- 

ter or geometry nor the dependence on the physical properties of 

the electrolyte. Therefore only qualitative conclusions can be 

drawn from these experimental results. 

Eueken (16) has analysed the effeot of laminar flow foroed 

convection upon the rate of mass transfer at an electrode. In his 

experiments the external vessel containing the solution was rotat- 

ed, and laminar flow past the fixed inner flat plate electrode re- 

sulted. Eucken's mathematical analysis is valid only for this par- 

ticular condition. Kambara et al. (17) have adapted Eucken's 

treatment to the oase of a 0.5 mm diameter platinum wire electrode 

projecting perpendicularly 6 ma from the axis of a rotating glass 

red. In the derivation the assumption is made that the veloolty 

gradient at the electrode surfaoe is proportional to the rpm. This 

is valid in the oase of Eucken's model, where laminar flow exists 

in the entire region of flow, but is inadmissible for the turbulent 

flow oase, where laminar flow is restricted to the boundary layer 

adjacent to the electrode surface. 

I K 
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Por the sake of clarity henceforth the term "rotating eleo- 

trode" will be used only in referenoe to cylindrical eleotrodes 

rotating about their axis in the center of a stationary circular 

cylindrical electrode. Reoently Raold and Beck (18) have used 

such rotating eleotrodes in a study of rates of dissolution of 

magnesium and its alloys in hydrochloric acid solutions. They 

found that the' rates of dissolution increase in the region of low 

acid concentrations with the 0.71 power of the speed of rotation. 

At higher add concentrations U.4 molar and higher) the reaction 

rates become entirely independent of rotational speeds, as the 

stirring effeot produced by the hydrogen bubbles evolving at the 

metal interface becomes predominant. This stirring effect, how- 

ever, should not be Ignored even at low acid concentrations because 

of turbulence caused by the hydrogen bubbles moving in the boundary 

layer adjacent to the dissolving magnesium rod. For this reason 

the work of Reald and Beck represents a rather special case of 

forced convection mass transfer. 

The present work was undertaken with the following aims in 

mind: 

(a) To establish correlations between the physical proper- 

ties of a system, geometrical and hydrodynamic conditions, and the 

rates at which a solute (ion) is transferred to or from a rotating 

electrode. 

(b) To determine whether suoh general mass transfer correla- 

tions enable the prediction of concentration.polarization and 

limiting currents in steady state electrolysis. 

i 
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II. EXPERIMENTAL 
!   

j To assure the latter objeotive It was important to choose an 

electrode reaction which occurs with negligible ohenioal polarisa- 

tion. For such an electrode process the total measured polarisa- 

tion (AET) would represent concentration polarization (A&oono) 

only, and would make a comparison between theoretical prediction 
i i 

and experiment possible. However, most of the known electrode re- 

actions take place with considerable chemical polarisation (AEQV^J 

when finite currents are passed. Some oxldation-reduotion reac- 

tions have long been suggested by investigators (19, 20, 21) to 

j occur with negligible chemical polarisation. In a more recent 
i 

study Moll (22) found no measurable chemical polarisation for the 

ferrens-fabric couple at gold and platinum electrodes freshly 

treated by hydrogen and oxygen discharge. Essin and eoworkers (23) 

made similar studies on the ferrooyanide-ferrioyanide couple at 

platinum and nickel electrodes and concluded that there is no ap- 

preciable chemical polarization "when the metal is free of all 

film that may form on the surfaoe." Carmody and Rohan (24) on the 

other hand have reported a measurable chemical polarisation for 

this latt-ar system on platinum. A similar conclusion was arrived 

at by Petrocelll and Paoluool (25) who studied this oouple up to 

current densities of 25 mA/em". They found, however, that 

"eathodlo aotlvation," I.e. a hydrogen discharge treataent of the 
• 

electrode, tends to decrease chemical polarization* 

For the purposes of this study smoothness of the electrode 

surfaoe was important because of hydrodynamio considerations.    In 

a redox electrolysis, unlike in a metal-deposition prooess, the 

electrode surfaoe remains physically unaltered.    Another advantage 
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of the redox reaction is that steady state electrode potentials 

are arrived at in much shorter time than In a deposition reaction. 

These findings in addition to stability considerations of 

several contemplated couples resulted in the selection of the 

ferrioyanide-ferrooyanide couple and nickel electrodes for the 

present studies. A large exoess of sodium hydroxide was used in 

order to eliminate the contribution of ionic migration to the 

mass transfer (1). 

Solutions of potassium ferri- and ferrocyanide and particu- 

larly the ferrooyanide, are known to decompose slowly by the 

action of light resulting in the formation of cyanide and 

hydroxide ions according to the following equations (26, 27): 

[*«(CN)^T
4
 + H,O i1^0?><flM)J"3 + Of" 

CN" + HftO Z     " " HCM + OH" 

In alkaline solutions kept in darkness the decomposition of these 

cyanide complexes is practically eliminated (28). Solutions used 

in these studies were freshly prepared for each series of runs in 

black Jena glass bottles. 

A. Apparatus and Procedure 

A concentric cylindrical cell, 6.16 inches high, built from 

acrylic plastic (lucite) was equipped with grooved endplates which 

could bold as desired one of the three cylindrical plastic tubes 

of internal diameter- 2.48, 4.00 and 5,47 inches.  (See Figures 1 

and 2.) A i-inch diameter stainless steel driving shaft passed 

through a teflon packing gland through the top plate and was 

equipped with a l/4-lnoh standard thread allowing the nickel elec- 

trodes of various diameters (1,275, 2.46 And 6,024 om) to be 

screwed onto it. The rotated electrode was supported from the 
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bottom by a guide pin and teflon lining in order to eliminate 

eccentric motion. The concentric outer cylindrical nickel elec- 

trodes (of inside diameter 6,07, 9.e7 and 13.69 cm), all 15.11 cm 

long, were fitted tightly into the corresponding luoite tubes. 

(See Figures 1 and 2). The oell was made liquid tight with neo- 

prene rubber gaskets plaoed into the grooves, A ground glass joint 

thermometer fitted into the top plate with its bulb reaohing about 

3/4 in. into the oell interior. The entire assembled oell with 

supporting structure designed to eliminate vibrations is shown in 

Figure 3. 

The electrodes permitted a variation of the ratio of gap to 

the diameter of the inner electrode (h/d^ ranging from 0,104 to 

4.88. A luoite nipple on the top plate of the assembled oell was 
i 

screwed into a small tapered bole which on the inside of this i 

plate ended with a 1/4 mm diameter and was located at a distance      J 

of 2*541 om from the axis of the oell.  (Figure 4.) Through this 

hole and a piece of polyethylene tubing a continuous liquid junc- 

tion led to reference oell No. 1 equipped with a nickel eleotrode 

and filled With the same solution as that in the electrolytic ceil. 

Reference oell No. 2 was connected with the oell by means of a 

teflon nipple leading through the center of the ?uolte oylinder 

and ending flush with the inner side of the outside eleotrode with 

a 1/4 mm hole. Such arrangements of the liquid junction leading 
j 

| *       to the reference electrodes are preferable for two reasonst  («) 

\ ; the flow pattern in the cell remains undisturbedj and (b) a dis- 

tortion of the current distribution over the eleotrode surfaoe is 

avoided. 

As oan be seen from the diagram in Figure 4, a potential 
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measurement of the rotating electrode by means of the reference 

electrode No. 1 involved an ohmlo potential drop over the annular 

solution space between the radius r. of the rotating electrode and 

the dietanoe of 2.64 om at which the small opening leading to that 

reference cell was located. For a total current, i, this ohmio 

drop was therefore 

(la) iR (1) 
1  ln 2.54 

2wXh«    x». 

where P. « resistance, ohms. 

r, « radius of rotated inner electrode used, om, 

H « height of the cell, here 16.11 cm. 

X * conductivity of the solution, ohm" cm" . 

Similarly a potential measurement of the rotated eleotrode 

by means of the reference No. 2 Involved an ohmic drop given by* 

1 iR (2) 2vKh'   ln rj (lb) 

Slnoe r , the internal radius of the outer electrode, was either o* * 
6,84 cm (Series I of runs), 4.94 om (Series II of runs) or 3.036 

om (Series III of runs), the ohmio drop could be computed more 

reliably by equation lb, i.e. using reference .No. 2. This is par- 

ticularly true as a small geometrical misalignment will oause a 

lesser relative error in the ratio r^r, of equation lb. 

In all runs potential measurements of the rotating eleotrode 

were taken by means of both reference Junctions selected one at a 

time with switch 3-1 (Figure 4), The net values obtained after 

subtracting iR/jj and iR/gx drops respectively rarely differed by 

more than 1%.    However,, for reasons stated above, ln most oases 

measurements with reference eleotrode No. 2 were preferred over 

an arithmetic average of the two measurements. 
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The electrioal connection to the rotating electrode was ac- 

complished by means of a mercury well (W in Figure 4). A copper 

contact aorew provided the connection to the outer stationary 

electrode. The current was measured with a D.C, milliammeter 

2 
or a D.C, ammeter.  All ammeters were carefully calibrated by 

means of standard resistors. Seleotor switch 3-2 (Figure 4) per- 

mitted measurements of the potential by either of the following 

Instruments: 

a. Recording potentiometer with five ranges, the largest 

being up to 500 mV. 

using a high i 

5 

b. Manual potentiometer, using a high sensitivity 

galvanometer as a sero instrument* 
I 

The reoorder was usually used first to ascertain that a steady        \ 
. , \ 

state polarisation was achieved and then the final value was ; 

measured accurately by means of the manual potentiometer. 

Sodium hydroxidei 2 N, was used as neutral electrolyte in the 

preparation of five approximately equimolar potassium ferrioyanide 

and potassium ferrooyanide solutions in the concentration range of 

6 0.009 to 0.204 mols per liter.    C.P. reagents    were used through- 

out. These solutions were prepared freshly prior to use and kept 

in black Jena glass bottles to minimise the effects of light (see 

previous discussion). Slight ohangos in concentrations of ferri- 

and ferrooyanide ions caused by use of a solution up to limiting 

tieafcon   \raoaex  *o / . 

\ 2Cenoo   (Model 6935). 
'Minneapolis Honeywell Co.   (Mcdel Y-153-X-12). 

Leeds and Northrup, type K-2  (Model No.  7652). 
5Li 

nferok and Co. 

5Leeds and Northrup (No. 2430). 
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current densities were followed up by a strict analytical control, 

Ferrlcyanlde was determined by the iodometrlo procedure (29) and 

the ferrocyanide by permanganate titratlon (30). 

Before introducing into the cell each solution was alternate* 

ly de-aerated in a glass column by means of vacuum and saturated 

with nitrogen several times to remove the dissolved oxygen. The 

presence of a considerable amount of dissolved oxygen in the cell 

would have Interfered with the electrode reactions of the ferrl- 

cyanlde and ferrooyanlde, particularly at low concentrations. 

Furthermore it was felt that in absence of oxygen the nickel elec- 

trodes would remain longer in an "active" state* 

Prior to each assembling of the cell the smooth electrodes 

were polished with rouge paper, washed with CC14 and treated 

oathodieally in a 6% NaOH solution at a current density of 20 

ma/em* for 12-15 minutes. 

The assembled cell was filled with a given solution at 

approximately 25 °C, the inner electrode set into rotation at a 

selected speed. The value of the eleotrode potential at no 

current flow (ZCP) was measured with both references. These 

were later subtracted (with proper sign) from the "at current" 

values. Thus any "static" potential differences due to dlffer- 
I 
| enoes in surface structure of the electrodes could be accounted 

for* A relatively small current was then applied and the poten- 
I 

tial' of the rotating electrode followed up by rn^ans of one of the 

two referenoe electrodes and the recording potentiometer until 

steady state was achieved. The final values were then measured 

with the manual potentiometer using both referenoe eleotrodes 

conseoutively. Steady state polarization was obtained within a 

1 . 
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fe* seconds at high speeds and within 2 to 3 minutes at low speeds. 

Achievement of the steady state, while not essential for the deter- 

mination of limiting currents, was Important for the subsequent 

calculations of chemical polarisation, A reliable comparison of 

the concentration and chemical polarisation can be made only under 

steady state conditions. Current was increased in small increments 

until the limiting current, noted by a sudden rise in potential, 

was attained. At a given speed each run was first completed with 

* the rotor as the cathode. Then the polarity was reversed and a 

run was carried out with the rotor as the anode. When a series of 

runs with speeds ranging from 30 to 1650 rpm was ooaplete the cell 

was taken apart, the electrodes treated, as described previously, 

and reassembled with another eleotrode diameter but with the same 

Inner eleotrode. Thus the effect of the gap between the oonoen- 
» 

trio cylindrical electrodes was studied for a given solution, 

given diameter of the rotating eleotrode and given angular veloci- 

ty. The temperature of 25*0 - 0.3 was maintained by blowing pre- 

heated or preoooled air on the outside of the cell. Physical 

properties required for correlative study were determined for each 

of the solutions within the temperature range 20-30° C. 

Conductivities were measured in a conventional conductivity 

cell, calibrated with a 0,9996 molar KC1 solution, using an audio- 
n 

oscillator as a power source for 1000 oyole A.C., a Wheatstone 
o 

bridge and an oscilloscope as a sero instrument. 

Viscosities of the solutions relative to water were measured 

at several temperatures in a thermostat with an Ubbelohde pipette, 
\1. ii 

! i 

Hewlett-Packard Model 200 C. 
^CA Ho.   165A. 
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and the absolute visoosities calculated using densities obtained 

I by pioknometer determinations. 

I Diffusion coefficients for the ferri-ferrocyanide ions were 

\ measured by means of the capillary method (31). 
i 

B. Methods of Calculation 

1. Ionic Mass Transfer 

The potential values obtained for each run were first cor- 

rected by subtracting (with proper sign) the sero current potential 

(ZCP) differences and the corresponding 1R drops calculated by 

means of equation I. These net resulting values represented the 

total polarisation, a$p. From the known areas of the rotating 

eleotrodes the current densities were calculated and plots of our- 

rent density, I (ma/cm*) versus total polarization, AE»p (mV) were 

prepared. The limiting current densities were then determined for 

each run at the plateau of the curve, lye* as the value at which a 

small increment of current caused a sudden rise of potential. At 

this point In base of oatbodic ferricyanide reduction runs, the 

consecutive electrode process was hydrogen evolution. This, bow* 

ever, did not take place before the potentials exceeded 600-700 mV. 

For anodic oxidation of ferrooyanide the plateau was shorter as 

the oonsecutlve reaotion (i.e. oxygen evolution) took place at 

AE«j, values of 200-250 mV. As Illustrations Figures 5 and 6 show 

sets of oathodic and corresponding anodic rune for solution No. 9 

at speeds up to 1650 *pm. The limiting oathodic current densities 

(I0) and the limiting anodic current densities (IR) are given in 

the corresponding figures. 

At limiting current when the interfaeial concentration of the 

reaoting speoies becomes sero, the rate of ionic mass transfer of 

1 

i 
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ferrieyanide Ion to the cathode or of ferrocyanide ion to the 

anode oan be expressed as (1}J 

H - ^ (1 - V • kLo0 

where I. * eathodie (I ) or anodic (Ift) limiting current 

densities, amps/on". 

n • valenoe charge of reacting ion. 

F = the Faraday constant. 

o » bulk concentration of reaoting ion, aoles/oo. 

t. * transference number of the reaoting ion, 

k_ » average mass transfer coefficient, oa/tteo. 

Sinoe the estimated transference numbers of ferri- and ferro* 

cyanide ions did not exceed 0.03 (and was usually much lower) due 

to the large excess of HaOH used as the indifferent electrolyte, 

equation II oan be rewritten ast 

(Ila) 

Thus by means of equation Ila the average mass transfer co- 

efficient, kQ, for the ferrieyanide reduction, and kft for ferro- 

oyanide oxidation were calculated for each run* 

From the measured values of viscosity, n, density, p, and 

diffusion coefficients, Df  . and Dferro oorreoted to the tempera- 

ture of the given runs, the corresponding Schmidt groups So * 

u/pD were computed for the anodic and eathodie experiments. 

The Reynolds number, characterising the flow produced in the 

cell, was found by the authors (see referenoe 32) to involve the 

diameter of the rotating electrode as the characteristic length 

dimension and not the gap between the cylindrical electrodes* 

\ 



T 
-14- 

Aocordingly the Reynolds number was computed asi 
V.d. 

Kd-T-1 cnx) 
where- Y • peripheral Telocity - em/sec. 

d. * diameter of rotating electrode, cm, 

v = kinemstlc viscosity, cm"/aeo. 

2. Concentration Polarization and Chemical Polarisation 

It is clear that as far as mass transfer studies are con- 

cerned, it is not necessary for the electrode reaction to take 

place with negligible chemical polarisation. The mass transfer 

coefficient, k,., could be calculated for any current density if 

in addition to the bulk concentration, c . the inter facial conoen- *    o 
tration, e,, was known. Since an accurate experimental determina- 

tion of o. Is estremely difficult, mass transfer coefficients are 

most conveniently obtained from limiting current measurements, as     i j 

outlined in the preceding section. 

However, an electrode reaotion with negligible chemical 

polarization was desirable in these studies in order to ascertain 

experimentally whether correct predictions of limiting currents 

and concentration polarisation oan be made from a general msss 

transfer correlation for rotating cylinders. 

The ferri-ferrocyanide oouple was therefore Investigated as 

to the nature of the polarization associated with both the 

cathodic reduction of ferricyanide and the anodic oxidation of 

ferrooyanlde on nickel electrodes. This was done as follows: 

\ a. From graphs of current density, I, versus total polarize- 

tion, AEj (of the type shown in Figures 6 and 7), pairs of values 

of I and AE^ were read off at equal current density increments and 

tabulated up to ourrent densities equal to 70-75* of the limiting 

current density. 

i 
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b. Using the cathodic limiting current, I , and the anodic 

limiting current, Ift, (both obtained for the aame solution, cell 

geometry and speed), the concentration polarisation, ABconc , for 

this redox couple was calculated (23, 35} for eaoh ourrent density, 

I, by means of the following equations: 

AE cone In -?-y-0  (for cathodio case) 
*   A 

RT   1+I/Io 
oono. 1-171 

(for anodic ease) 

(IVa) 

(IVb) 
a 

o. Chemical polarisation (AEQJ,.- ) at each of the applied 

ourrent densities, I, was calculated by subtracting the calculated 

AB  0 from the experimentally obtained total polarisation, AE^, 

i.e.. 
AE AE. (V) "chem, * ^P "  oono. 

It is interesting to note that from equations (IV) and (V) for 

the case of a redox eleotrode reaotion with negligible ohemioal 

polarisation a plot of the experimental values of AEj, versus log Q, 

where 
1 * I/I, 

(VI) 
1 t I/Ia 

(upper sign for cathodic oase,  lower for anodlo case) 

should yield a straight line with the slope 2.303 2p.    p0r the 

ferrl-ferrocyanide couple n *= 1 and expressing potentials in milli- 

volts   (mV) the slope for experiments performed at 25° C should be 

69.1, 

Actually the derivation of this equation assumes that the 
mass transfer coefficient is independent of the ourrent density. 
In forced convection such an assumption is well justified. 

i > 
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III. RESULTS AND DISCUSSION 

A„ Correlation of Mass Transfer Rates 

The lonlo mass transfer results here presented were part of a 

broader study involving dissolution of rotating cylinders oast from 

Bensoio and Cinnamio aoid into water and aqueous glyoerol solutions 

(32), A general type of oorrolatlon based on the methods of the 

momentum-mass transfer analogy was obtained using the following 

parameters 

J£ « ^ (So)0'644 (VII) 

in which the Schmidt number So * JJ accounts for the physical 

properties of the system and k. is given by equation la. 

Figures 7 and 8 show logarithmic j£ vs. R^ plots of the mass 

transfer data for the reduction of ferricyanide and oxidation of 

ferrooyanide respectively. Table 1 gives a typical set of data, 

including the physical properties, for one of the five solutions 

studied. Average deviations of the points in Figures 7 and 8 from 

the best line are * 7J» and * 6.6# for the two electrode reactions. 

These experiments involved a Sohmldt number variation of 2230 to 

3660 and a Reynolds number range of 112.0-162,000 (peripheral 

velocities 1.17 tc 426 cm/sec). Limiting current densities varied 

from 0.43 to 113 mA/cm*. 

In Figure 9 the lines correlating the electrolytic data are 

oompared with result . obtained by solid dissolution studies. The 

results for the various systems agree with each other within 1% 

and lie all within the experimental errors involved in the 

Complete data are given in Teohnical Report No. 2, Nonr 
222(06), September 15, 1953 ("Mass Transfer at Rotating Cylinders," 
by M. Bisenberg, C. W. Tobias and C. R. Wilke). 



-17- 

det»radnation of the frlotional drag coefficient f/2 obtained by 

Theodoreen and Regier (11). 

Suoh an agreement is very encouraging in view of the Chilton- 

Colburn analogy (34) which suggests that 

*D " T *  (So) * f/2 (VIII) 

where 4  (So) represents a function of the Schmidt number.  (For 

a detailed discussion see ref. 32.) 

In Figure 10 all mass transfer data for three solid dissolu- 

tion systems and the two electrolytic redox reactions were all 

plotted together. The best curve (within t 8,3£) through all 

points ia represented by the coordinates given in Table 2. 

In the Reynolds number range 1000-100,000 the data are best 

represented by a straight line (dashed in Figure 10) given by the 

equation 

J{, " \ So0'644 - 0.0791 R;0'30 (IX) 

From equation (IX) a number of interesting practical rela- 

tions may be derived. 

Recalling that the mass transfer coefficient k » I-/nFo , 

the following relations for the limiting current density may be 

obtainedi 
/Vd4\0.30, ^0.644 

IL - 0.0791 nFco l\-J) ( j}) 

0,70  d-0.30  ^-0,344  n0.644 
o   • ai 0.0791 nFc    Vv,,w d7w*wv v""*• D 

Do 
nF -^(amps/cm") (X) 

The diffusion layer thickness, d,  in om.,  is then given by: 
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O 
0.0791 V0,70 rjT0*30  v-0«34* D-0«356 

d0.50  y0.344 D0.366 
12-*4 x "* ITrTrc  

d-0.40  v0.344 D0.366 
99-62 ~ JJ77C  (XI) 

where v * kinematic viscosity,  em8/a«©» 

D = diffusion coefficient,   om*/sec. 

S * rotational speed, rpm. 

V • « w d.  * peripheral speed,   cm/sec. 

d,  «= rotor diameter,  om. 

Thus the diffusion layer thickness o depends not only on the 

rotational s peed, but also on the rotor diameter as well as on the 

physical properties of the system such as. viscosity and diffusivl- 

ty.    The latter three variables were not considered by Brunner(14), 

With the assumption that % is Independent of the rate  (i.e.. 

of the current density),  as was suggested by Agar  (6), one can 

write: 

I    _ D, 
ny     5<°o - cl> (Xlla) 

where o„ and o. denote the bulk and interfaoial concentrations o     1 

respectively, 

Hsnoe for a given applied o.d., I, the concentration of the 

reacting ion at the electrode interface c. may oe calculated by 

means of the relations 

°o * nfe* (Xllb) 
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« 

1 

The thickness of the diffusion layer, 8, is obtained for a given 

geometry, speed and physical properties of the electrolyte by 

means of equation (XI). 

Previous studies relating to mass transfer at rotating elec- 

trodes were limited in scope and can be compared to the present 

work only in respect to the functional dependence on the rotation- 

al speed. Roald and Beck (18) found for rotating magnesium 

electrodes: 

k* a const. V 
0.7 (XIII) 

This is in agreement with the results of the present study since 

equation (XIII) can be shown to follow from equation (V) for a 

given system (constant v and Sc) and given rotor diameter. The 

experiments of Brunner (14) Involved rather impractical geometries 

and poorly defined experimental conditions. His results may be 

expressed in the forms . 

kL« const, (rpm)2/3 (XIV) 

For a given rotor diameter and given set of physical properties of 

the system this relation is in approximate agreement with the 

results of the present study.. 

B. Limiting Currents and Concentration Polarization 

1, The Nature of Polarisation of a Redox Eleotrode 

For the total polarisation, A5U, » of a redox electrode 

Petrooelli (32) obtained a general equation which in a somewhat 

2C"-**.?ied  form wBtj  be   written  «oi 

AT?       s   MM 1*1 x      HP 
1 - I/I. 
TTU£ 

I. 

nF (Ia + I)   exp(-aAV%) 
(XV) 

Analogous relations have recently been obtained by a number 
of investigators   (35,  36). 
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wbere In  and I_ • absolute values of cathodic and anodio limiting 

current densities respectively. 

I K applied current density (positive for cathodic, 

negative for anodic case), 

a • a constant between 0 and 1 (usually close to 0,5) 

representing tbe portion of tbe eleotrioal poten- 

tial difference across the activation energy 

barrier, which acts in the cathodic direction. 

density, 1 , depends only upon the concentration, e . o 

1 « exchange current density, representing the rate of 

forward (cathodic) and also backward (anodic) 

reaction at the reversible, i.e. open, circuit 

potential. 

Using the concepts of the absolute reaction rate theory (37) 
{ 

it is possible to show (32) that the exchange current density        ; 
-AF* 

where AF* * standard free energy change of the activation prooess 

(i.e. at open circuit), ergs/mole. 

23 
N * Avogadro number, 6.023 x 10 , molecules/mole. 

-27 h « Planck constantt   6.624 x 10       ,  erg-see/moleoule. 

k * Boltzmann constant, 1,3605 x 10    , erg/9K-molecule. 

o    « bulk concentration of the reacting ion, molea/L. 

n, F, R and T have the usual meaning. 

Thus,  at constant T, i    depends only on the aotivation 

energy AFW and the bulk concentration,   o  ,  of the reaoting ions. 

For a given electrode reaction the activation energy can be 

assumed to be constant provided that "electrode poisons" are 
1 

absent   (22, 35),    Under such conditions the exchange current \ 

1 
i 
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In equation (XV) the first term in the bracket represents 

the contribution of the concentration polarisation, and the 

second represents the chemical polarisation. The relative mag- 

nitude of this second term depends primarily on Ia/*0» 
the ratio 

of the limiting o.d. to the exchange o.d. 

For a given electrode system the limiting c.d.f In, increases 

with the 0,70 power of the rotational velocity, according to 

equation (X); i , however, remains unaffected. Henoe at high 

rotational speeds, i.e. large values of Ia/lA» the chemical polar- 

isation should beoome significant in comparison with the concentra- 

tion polarisation. It is obvious, therefore, that in order to 

ascertain experimentally whether a given electrolytic redox re- 

action comes olose to thermodynamic reversibility, i.e. takes 

plaoe with a comparatively small chemical polarisation, AE^, vs. I 

curves must be obtained at high rotational speeds. From suoh 

curves (see for example Figures 5 and 6) plots of the total polar- 
1 + I/Ic 

isation, AE^ against log 1 £ 171^  oan be Pr*Parod as described 

previously. A comparison of equations (IV) and (XV) shows that if 

chemical polarisation is negligible, i.e. AEL, % ^oono # the ex- 

perimental points in suoh plots should fall close to a straight 

line with a slope of 59.1 (at 26° C, expressing polarisation in 

mV). This type of plot is very convenient as the distance of a 

given point from the straight line with the slope 59,1 gives di- 

rectly the value of the chemical polarization and demonstrates the 

importance of the latter relative to the concentration polariza- 

tion (see for instance in Figure 13). 

Tables 3-7 give typical sets of results for several ferri- 

obem. 

;    i 

ferrooyanide solutions.    The values of AS     and AEv,     were oono. 

l> 
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oaloulated according to equations (IV) and (V). Data for three 

experimental series were plotted in Figure 11. The solutions used 

were only 0.05 m. and 0.01 m. in ferri- or ferroeyanide, henoe 

aocording to equations (XV) and (XVI) some chemical polarisation 

may be expeoted. However, as Figure 11 shows, even up to periph- 

eral velocities of 157,3 om/seo the total polarisation, AEL,, 

consists almost entirely, within limits of experimental accuracy, 

of concentration polarisation. 

The predominant importance of the stirring rate as repre- 

sented by the peripheral velooity, V, is Interestingly demonstrat- 

ed in Figure 12 for a solution of a relatively high concentration 
—3 «*4 (number 9, approximately 0.20 of Fe(CN)g and Fe(CN)« ). For runs 

up to a velocity V * 115 cm/sec the data fall close to the straight 

line with a slope 59.1, the value for the so-oalled reversible 

electrode* At higher speeds, i.e. when the ratio IaA0 increases, 

chemical polarisation becomes relatively significant. For in- 

stance at V • 333 om/seo, when the concentration polarisation is 

59*1 mV, the corresponding chemical polarisation has already 

reached 12,4 aV (Figure 12). Hence, In oase of a reaction where 

I /i is not very small, it is possible to increase this ratio by 

increasing lft with stirring (rotational speed). In this way a 

reaotion in which the polarisation is predominantly controlled 

by mass transfer (i»e, concentration polarization) may be con- 

verted to one which is under activation control. Involving large 

chemical polarization. 

As shown previously the exohange current density, 1 , de- 

pends greatly on the activation energy AF* necessary for the 

I reaotion to proceed. The latter has been found by many investi- 
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gators to lnorease In the presence of electrolytic poisons (22, 
I 

35). Thus, according to equation (XVI) the exchange c.d., i , 

I •        may be expected to decrease significantly under such conditions. 

Indeed, in a special study on the effects of the better known 

eleotrode poisons Gerisoher (35) found, for instance, that at 

platinum eleotrodes treated with a 2x10  m. H»3 solution for 

one minute and 60 minutes respectively, the exchange o.d., iQ, 

for the Pe /Pe  couple dropped to 10.8J( and 1«7£ of the original 

(active state) value, respectively. The highly alkaline solutions 

used in the present studies, when exposed to air, could dissolve 

an amount of H«S sufficient to decrease 1 and consequently in- 

crease the chemical polarisation. The effects of other eleotrode 

poisons should, of course, be taken into account as well. For 

instance, HCN formed through the photochemical decomposition of 

ferrooyanlde may be expected to exercise a powerful effect.. 

Several investigators (38, 21) have also conoluded that even 

eleotrodes made of "noble" metals such as gold, silver and nickel 

become gradually covered with oxide films (when used in air- 

saturated solutions) causing a large lnorease in polarisation. 

In a special study designed to demonstrate the effeot of 

eleotrode poisons, aEL - I data were obtained for an alkaline 

ferro-ferrioyanlde solution, which was exposed to air and light 

for several days. The nickel electrodes, used in this study, were 

cleaned in the same manner as described previously, but were not 

Y .        given any cathodlo hydrogen discharge treatment. Figure 13 shows 

the results for solution Ho. 1 in the form of AE^ vs. log Q plot. 

Large chemical polarizations (demonstrated by the deviations from 

the &Econo -line) were obtained in spite of the relatively low 
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rot&tional speeds (up to V * 56,6 en/see). The values of AIS    * 

-59.1 mV and AEcheB * -47,9 raV (hence AE^, • -107 »V) indicated in 

Figure 13 (eathodio ^ase) are for an applied c.d. of 12*1 mA/em* 

and a peripheral speed of 24*6 on/seo.  It Is interesting to comr 

pare these with a freshly prepared solution (number 9) at about 

the same c.d. and rotational speed.  Thus at a o.d. I •» 12 mA/em* 

and V *» 20 om/seo a total oathodie polarisation (AET) of only -43. 

«43.5 mV was measured for solution number 9 (see Table 6 ). The 

corresponding concentration polarization was calculated to be 
p 

-47.1 mV.  Hence no measurable cbemloal polarisation was deter- 

mined in this case, while at the same c.d. in the ease of the 

"poisoned" electrode, ^Q^9m   represented about 45%  of the total 

f eleotrode polarization. 
i  . 
I With regard to the ferro-ferricyanlde couple the following 

i conclusions may be drawn on the basis of the present study. 

I (a) Only freshly prepared and de-aerated alkaline potassium 

ferrl- and ferrocyanide solutions should be used with a maximum 

possible exclusion of light. The eleotrode (platinum or nickel) 

should be given a eathodio hydrogen treatment prior to each 

experiment • 

The difference in concentrations of the reacting ions be- 
tween solutions number 1 and 9 (a factor of two) does not sig- 
nificantly affect this comparison, primarily because the ratio 
Ia/io is independent of the bulk concentration of the reacting 
ion. 

"I 2 
\ | Actually the absolute value of the total polarization, AE», 

I -        cannot be smaller than that of concentration polarization AB 
i Whenever this seems to be the oase, it must be attributed not 

only to experimental inaocuraoies but partly also to the possi- 
bility that the achievement of a steady state polarization of the 
eleotrode was not quite complete. Fortunately in no oase were 
these deviations very serious. 

! ! 
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(b) With the above precaution a reasonably small ohemleal 

polarisation, AEcheau» i8 associated with the eleotrolytic redox 

reaotion. The amount of flEoheo involved depends on the magnitude 

of the Ia/l0 ratio, i.e. on the rate of stirring (on which the 

limiting c.d., Ift, depends). For rotating electrodes up to a 

peripheral velooity of V « 116 om/seo the eleotrode reaotion is 

predominantly mass transfer controlled and the ohemleal polarisa- 

tion is negligibly small. The above peripheral velocity corre- 

sponds to a Reynolds number of 11,000. It should be reasonable to 

assume that In many other types of flow up to R. *> 11,000 a negli- 

gible AIohem aay be expected for the ferri*ferroeyanide couple. 

(o) Under conditions (see above) at which the total elec- 

trode polarisation is almost entirely represented by concentration 

polarisation, the general mass transfer correlation for rotating 

cylinders (equation VII) oan be used to predict the diffusion, 

layer thickness, d, the limiting current density, IQ or Ia, and 

the concentration polarisation, 4E    (see equations X, XI and 

IV). Conversely from a given measured polarisation the inter- 

facial concentration, c,, of the reacting ion may be calculated 

at an applied current density. 

To illustrate the latter point, calculations of o, IQ, Ia, 

and sE  have been carried out below for a rotating electrode 
cone • 

in an alkaline potassium ferro-ferricyanide solution. To facili- 

tate a comparison with experimental measurements the physical data 

for one of the systems studied were used. 

k 
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2. Illustrative Example 

Assumed Solution: 
(Equivalent to Solution No. 0) 

0.1976 m K5Pe(CH)6 

0.2027 m K4P« 
2.004 m NaOH 

^°- x 3.1416 x 1,273 

Data: 

Electrode diameter,  d, * 1,273 em 

Rotational speed, S * 300 rpm 

Peripheral Velocity, V • » f d. ' 

* 20.0 om/seo 

Reynolds number,  R. » 1,769 

Temperature, 25° C 

Kinematic viscosity,  v « 1.423 x 10      cas/sec 

Diffusion coefficient of Pe(CN)"3, T>tmm*m 0.464 x 10"S cm"/see 

/sec 
•5 

'ferri 
Diffusion coefficient of Fe(CN)"4, . DfepP0" 0.390 x 10~5 cm8 

* °ferri * °»1876 x *°      moles/cc Concentration of Fe(CN) 
i-4 ,-3 

Concentration of Po (CK)"•*, ?forr»o "" 0»202''' x 10  moles/oc 

Diffusion Layer Thickness. | 

Prom equation (XI): 

8 ,_. « 12.64 d?-30 V-0-70  V0'544 D0-566 
ICffl/ 1 

Hence for the oathodie case: 

Oferri* 12.64 (1.273)0^0(20.0)"0*70(1.423)°*344(0.454xl0-5)P-a66 

- 4.840 x 10**3 cm 

*ferro" 12«64 (1.2V3)0-30(20.0)"0<70(1.423)0<344(0.390xlO~5f'356 

» 4.585 x 10"3 cm 

Limiting Current" Densities 

Cathodic limiting o.d., 

m  »?P -6, 
c ferri 

1 x 96,500 x   (0,463 x 10 «)  x  (0#1976 x 10-3, 
4.840 x 10 

,-3 
* 17.89 x 10  amps/cm" a 17.89 ma/cm- 
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as oompared to experimentally determined 

I0 » 16,6 mA/cm* 

Deviation « 7.6# 

Anodio limiting c.d., 

,-6 I «  *££- o     fc 1 x 96,500 X fr.390 x 10 °) y ^ -^ 
a  5ferro ferro      4.585 x 10"3 

| • 16.64 x 10  amps/cm* • 16.64 mA/cma 

as oompared to experimentally determined 

! Ift « 16.4 mA/om* 

Deviation * lm5% 
i 
i 

| Conoentratlon Polarisation at Applied c.d.. I • 10 mA/om* 

I ' 
|    . Cathodic ^eonc.« 59.1 log 1 I y£ - 59.1 leg fclgffiffi 

• -53.1 mV 

as oompared to the experimentally measured total cathodio 

polarization 

A&p «= -53.0 mV 

Anodic AEcenCf « 59.1 log [  * ^ « 59.1 log £l§$^li 

• +34.9 mV I 

as oompared to the experimentally measured total anodio 

polarization I 
ATT   ae SO a    «.V 

Henoe ohemioal polarisation is negligible for these cathodio 

and anodio runs,-and prediction of the total polarization AEU is 

possible. It should be noted that the general mass transfer 
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corrclation enables the prediction of limiting currents and con- 

centration polarisation even when the chemical polarization la 

large; however, then the total electrode polarization could not 

be calculated. 

xhe rerro-ferrioy&ftirf* couple can thus be used conveniently 

to study mass transfer in liquids for various types of geometries 

and hydrodynamic conditions. The advantages of using an electro- 

lytic radox reaction over solid dissolution for purposes of study- 

ing rates of mass transfer are* 

(a) Aohievemer.t of steady state in a relatively short time. 

(b) Direct control of rates, i.e. applied current.  (This 

is not possible in case of solids.) 

(o) Preservation of the smooth interfacial surface through- 

out the experiment. 

(d) Higher accuracy and convenience in determination of the 

rates of mass transfer. 

The present study has proven that, when properly carried out, 

the ferro-ferricyanlde eleotroic reactions may be considered to 

remain predominantly under mass transfer control up to stirring 

rates corresponding to R. • 11,000. However, the chemical polar- 

ization is essentially present whenever finite ourrents are passed, 

and becomes significant at high stirring rates. The reason Essin 

and co-workers (25) could claim that the eleotrolytlc reaotions of 

 M   _ _ the thT-1-i.-t*«OS/«uu* CCUpio iiivOivo Ouiy oonoonlruiiOn polarisa- 

tion is that their experiments were carried out at low stirring 

rates. 

Under proper experimental conditions, when the concentration 

polarisation is accounted for, the ferri-ferrooyanide couple is 



not far from thermodynamic equilibrium,   i*e. the activation energy 

AF* is hot very large.    For the electro-chemical reaction which 

takes place at the electrode interface itself Lewartowicz   (36) 

discussed two rate-determining  steps.    One step Involves the 

electron transfer at the interface of the electrode, the other 

the change in the hydratlon of the ion undergoing the reoharge. 

For the ferri-ferrocyanide  couple this may be expressed as: 

Fe(CN)g3(H.0)m * e"     x >Fe(CN)g4(HqO)n +   (m-n)HaO 

numerous investigators (39, 40, 41) have found that an ion is more 

hydrated the larger its charge and the smaller its radius. Hence 

the activation energy of the total process is composed of the 

energy necessary for the electron passage between the ion and 

electrode and of the hydratlon energy. The latter depends only 

on the state of hydratlon of the oxidised and reduced ions but 

the former is probably the one which is affected by the presence 

of electrolytio poisons adsorbed at the electrode surface. 

+3 A^+2 +4/„ +3 Lewartowioz's experiments (38) on Fe -/Fe j  Co /Ce  and 

quinone/hydroquinone couples have shown a small chemical polar- 

ization to be Involved in each case. His results support in a 

general sense the above discussed mechanism of the electrolytic 

redox reaction. 

It seess reasonable that electrode reactions involving only 

electron transfer and change in the degree of ion hydratlon j would 

involve small activation energies, compared to reactions involv- 

ing the breaking or formation of chemical bonds. 
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Sjs^ol 

A 

NOteHCLATURE 

Definition 

Interfaeiai area for mass transfer 

Concentration of reaoting lona in the 
bulk of the solution 

Units 

cm" 

molea/oe 

Concentration of reacting ions at the 
electrode interface 

"ferri 

ferro 

di 
do 

\ 

AH? 

AS cone 

AS 

P 

*< 

I 

h 
k 

k„ 

cbem 

Bulk concentration of ferricyanide ions 

Bulk concentration of ferrocyanide ions 

Diameter of the inner rotating electrode 

Diameter of outside stationary electrode 

Diffusion coefficient of species k 

Total polarisation 

Concentration polarization 

Chemical polarisation 

Faraday equivalent 

Exchange current density 

Current density 

Anodic limiting Current density 

Gashodic limiting current density 

Mass transfer coefficient, generally 

Mass transfer coefficient at the anode 

Mass transfer coefficient at cathode 

moles/co 

moles/oc 

moles/co 

cm 

dm 

cm*/*80 

mV 

mV 

mV 

96,500 coulflmb/equiv. 

ampa/cm* 

mA/om* 

mA/om* 

mA/om8 

cm/flea 

cm/sec 

Cm/seC 

H 

R 

S 

t 

Number of electrons exchanged in the 
electrode reaction 

Rate of mass transfer moles/dm**eeo 

Universal gas constant, 8*313 x 10 erg/*K-<mole 

Rotational speed *pm 

Time see 

\       i 

I 

i       i 

s 



Symbol 

T 

V 

zcp 
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Nomenclature eent, 

Definition 

Temperature 

Peripheral velocity at the rotating 
cylinder 

Zero current potential (static potential 
difference between an investigated 
electrode and the reference cell) 

Unite 

om/seo 

aV 

a, 0 

K 

V 

p 

GREEK SYMBOLS 

Fractions of eleotrlcal potential difference 
across the activation energy barrier acting in 
the oathodio and modic direction respectively. 

Thickness of diffusion layer 

Xleotrical conductivity of a solution 

Dynaaio viscosity 

Klnematio viscosity 

Density 

cm 

ohm"" onr* 

g/cm-seo 

om8/a*c 

g/cma 

1 *  l/l< 

"d 

Sc 

Vd, 

v 

DIMEN3I0NIESS GROUPS 

Ratio used in AE__A calculations (upper cone cr 

sign for oathodic case, lower for anodic). . 

Reynolds number based on diameter of rotating 
inner cylinder. 

Schmidt number for mass transfer of species k. 

V 
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*tv 
A   ..«        SYMBOL          o      o     0     A     v 0; cm 

SOLUTION No.     9      10    13    12  A-12 
*\*K 1.273 .x • • • A 

248 + • • • A 
5.024             •                 •      •      *      A    • 

SERIES I   VERT. DASH   OUTSIDE DIA. 13.69 cm. 
SERIES D       NO DASH    OUTSIDE DIA.   9.87 cm. 
SERIES IB HORIZ. DASH   OUTSIDE DIA.  6.07 cm. 
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FIG.  II    TOTAL  POLARIZATION   AET ws LOG Q FOR HIGH CURRENT DENSITY ELECTROLYSIS 

FIG   13   TOTAL   POLARIZATION  AET   vs  LOGO   iN CASE   OF "INACTIVE  ELECTRODES 
AND    PRESENCE   OF AIR-OXYGEN 
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Table  2 

Coordinates of the General Maas Transfer Correlation Curve 
for Rotating Cylinders  (aee Fig. 10). 

J  '  x 10» 

200 
600 

1,000 
4,000 

10,000 
30,000 
60,000 

100,000 
200,000 
300,000 

ia.4 
13.0 
10.2 
6.53 
4.68 
3.54 
2.96 
2.61 
2.24 
2.06 



I 
Table 3 

Concentration and Chemical Polarizations 

at Varlou3 Rotational Sgeeda 

and Current Densities 

Solution No. 

Initial composition 

es.o°c. 

13, Series II. 
(0.04996 m/L K,Fe(CN). 
(0.05052 m/L IHFe(CN}^ 
(1.923 m/L NaOB 

Rotor diameter  (d<_)  « 5.024 cm. 
Outer cylinder dimeter  (d0) 

= 9.87 cm. 

* 

\ 

I Cathodlc Reduction of Fe(CH)g3 Anodic Oxidation of Fe(CN)"4 

AE* cone. ASj, IE.        = chem AE* cone. AET AE .        * chem 
Run 

»A/cm 
(calc.) (meas.) AE„ - AE HP          cone. (calc.) (meas. )         t *X       cone. 

Mo. mV mV mV mV mV mV 

1208 rpm;  V > = 318 cm/sec. 

._  

Ic  = 22.00 mA/cm2;   Ia  «= 21.00 mA/cm2. 

15* 2 .4.5 -4.0 0.5 4.8 4.C -0.8 
4 -9.6 -9.1 0.5 9.7 8.1 -1.6 
6 -14.6 -12.4 2.2 14.8 12.4 -2.4 
8 -19.9 -17.2 2.7 20.3 17.2 -3.1 

10 -25.6 -21.6 4.0 26.3 21.6 -4.7 
12 -31.9 -26.7 5.2 33.0 27.8 -5.2 
14 -39.1 -34.1 5.0 40.8 36.3 -4.5 
16 -47.9 -43.0 4.9 50.9 50.0 -0.9 
18 -59.8 -56.7 3.1 65.5 67.2 1.7 
18.5 -63.6 -61.6 2.0 70.5 72.8 2.3 

302 rpm;  V = 79.4 cm/sec ..      Ic  = 8.20 mA/cm ;   I =8.10 mA/cm 

15b 1. -6.3 -6.4 -0.1 6.3 6.4 0.1 
2 -12.8 -13.0 -0.2 12.9 13.0 0.1 
3 -19.7 =20.3 -0.6 19.8 20.3 0.5 
4 -27.5 -28.9 -1.4 27.7 28.9 1.2 
5 -36.5 -39.7 -3.2 36.3 39.7 2.8 
6 -48.1 -53. 9 -5.8 48.8 53.9 5.1 

102 rpm; V * 26.8 cm/sec.     I.  = 3.96 mA/cm ;  Ia * 3.80 mA/cm 

16o 0.3 -4.0 -4.0 0.0 4.0 4.0 0.0 
0.6 -3.0 -7.9 0.1 8.0 7.9 -0.1 
0.9 -12.1 -12.1 0.0 12.2 12.1 -0.1 
1.2 -16.3 -16.7 -0.4 16-6 16.7 0.1 
1.5 -20.8 -20.9 -0.1 21.1 20.9 -0.2 
1.8 -25.5 -26.0 -0.5 26.1 26.0 -0.1 
2.1 -30.7 -31.2 -0.5 31.6 31.2 -0.4 
2.4 -36.6 -37.1 -0.5 37.9 37.1 -0.8 
2.7 -43.3 -14.2 -0*9 45.2 44.2 -1.0 
3.0 -51.4 -54.2 -2.8 54.5 54.2 -0.3 
3.3 -62,1 -68.0 -5.9 67.7 68.0 0.3 
3.36 -64.8 -71.0 -6.2 71.3 71.0 -0.3 

25 rpm; V = 6.58 cm/sac. 
p 

I    • 1,81 mA/cm ;  IR =1.74 mA/cm2 

1 K-* A     O C    Q £     O r\    A c    r» £     J-> f\        A *•**« V *  *•* — 0. \J — i*« «. — V« "» 9*0 W» ft \j+ m 

0.4 -11.7 -12.1 -0.4~ 11.8 12.1 0.3 
0.6 -17.8 -18.5 -0.7 i7„a 18.5 0.7 
0.8 -24.7 -25.3 -0.6 25.2 25.3 0.1 
1.0 -32.3 -33.0 -0.7 33.3 33.0 -C.3 
1.2 -41.4 -42.6 -1.2 43.1 42.6 -0.5 
1.4 -53.3 -55.2 -1.9 56.7 57.0 -0.3 
1.5 -61.2 -64.7 -3.5 66.3 68.7 2.4 

# 1 + I/Ic 

Xonc<mV> * 8y-i L°e I'-fT/ff 

i 

(Upper sign for cathodlc ensu, lowor for anodic.) 



Taola 4 

Concentration gad Chaaloal Polaritatlona 

at Varloua Rotational Spoeda 

and Currant Peneltlea 

Solution No. A-12, Serlea I 

Initial eompoalttont (0.01118 «/L K,Pe(CN), 
(0.01424 m/L ICiFafCM)" 
(2.011 m/t Naoft     6 

T - 25.0°C. 
Rotor dlamoter (d.) • 5.024 cm. 
Outar cylinder dlnaatar  (dQ) * 13.69 eat. 

\ 

z Oathodle Roduotlon of Fa(CN)g3 Anodic Oxidation or Fo(CI)J4 

G^eonc. A»r AEchom." *Bcone. Ala »*ohe«." 
Run 

aA/o»e 
(oale.) (moaa.) oBg " **cono. (oalo.) ((toil. ) t*t- »*w 

No. •V mV •V mV •V •V 

1225 rpw;  V • 322.24 cn/aec .     I0 - 5. 88 MA/oaei Za » 6.91 mk/on*. 

16* 0.6 -5.4 -5.2 0.2 4.8 5.2 0.4 
1.2 -9.1 -10.7 -1.6 11.0 11.2 0.2 
1.6 -16.5 -16.1 0.4 16.8 17.3 0.7 
2.4 -22.6 -21.8 0.8 23.2 83.2 0.0 
S.O -29.4 -27.9 1.5 30.4 30.0 -0.4 
3.6 -37.1 -36.8 1.3 38.8 38.1 -0.7 
4.2 -46.6 -46.5 0.0 49.6 49.9 0.3 
4.8 -58. e -61.5 -2.7 58.0 66.1 6.1 
6.1 -67.8 -71,0 -3.2 66.9 76.6 9.7 

598 rpmj  V - 157.31 cn/aec. I0  * 3.38 «A/c»2j I, » 3.43 •A/cm8. 

18b 0.4 -6.1 -6.2 -0.1 6.1 6.2 0.1 
0.6 -12.3 -12.6 -0.2 12.2 12.8 O.S 
1.2 -19.0 -19.1 -0.1 18.9 19.1 0.2 
1.6 -26.3 -26.3 0.0 26.1 26.3 0.2 
S.O -34.8 -34.3 0.5 34.4 34.9 0.6 
2.4 -46.4 -43.9 1.5 44.8 46.3 0.6 
2.8 -60.3 -68.3 2.0 59.1 69.2 0.1 
S.O -70.1 -70.0 0.1 69.9 70.0 0.1 

101 rpmj  V • 26.569 om/aeo. Ic - 0.98 mk/em2i X, • 1.02 •A/em2. 

1*0 0.1 -5.2 -5.0 0.2 6.1 6.0 0.1 
0.2 -10.4 -10. e 0.2 10.4 10.2 -0.8 
0.3 -16.0 -15.7 0.3 15.8 15.7 -0.1 
0.4 -21.9 -21,7 0.2 21.6 21.7 0.1 
0.5 -28.6 -28.2 0.3 27.9 28.2 0.3 
0.6 -36.2 -36.0 0.2 36.0 36.0 1.0 
0.7 -45.6 -46.6 -1.0 43.6 44.8 1.2 
0.8 -58.3 -62.0 -3.7 54.6 66.7 1.1 
0.85 -67.4 -72.6 -6.1 61.8 62.1 0.3 

26 rpBi}  V • 6.8395 ea/aao. I    * 0.385 mA/oia*i I.  - 0.430 •A/em8. 

led 0.06 -6.4 -6.7 -0,5 6.3 6.6 -O.S-- 

0.10 -13.1 -13.7 -0.6 12.7 18.2 -0.6 
0.15 -20.4 -20.6 -0.1 19.4 18.8 -0.6 
0.20 •28.6 -29.1 -0.5 26.8 26.6 -0.2 
0.25 -38.7 -38.6 0.1 35.2 36.5 *0.3 
0.30 -52.3 -61.0 1.3 46.4 44.8 -0.6 
0.33 -64.5 -62.7 1.8 53.4 61.0 -2.4 
0.S6 - — 59.9 57.1 -2.8 

a. 



T«hl« 5 

Concentration and Chemical Polarizations 

at Various Rotational Spends 

and Currant Penalties 

Solution No. 

Initial composition! 

9, Series XI 

(0.1994 m /L KsPe(CN)A 

(0.8030 m/L K4*7>(CN)6° 
(2.004 m/L NaOH 

T • 25,0"C. 
Rotor diameter (d<) * 1.273 nn. 
Outer cylinder diameter (d0) • 9.87 cm. 

« 

X Cathodlc Reduction of Pe(CN)g3 Anodic Oxidation of Pe(CM)g4 

*^conc. o% ABchem." AEconc. LBl 4Bchem.   • 

Run 
mA/cm 

(oalo.) (moaa.) a»r - AEconCi (calc.) (seas. )       ASx-AEconc. 

Ho. mV mV mV mV mV mV 

1724 rpm;  \ / « 115 cm/sec.       I    * 
'                        0 

52.4 mA/cm  ; Ift - 52.0 mA/cm . 

17a 2 -2.0 -2.6 -0.6 8.00 1.9 -0.1 
5 -4.9 -5.5 -0.6 5.0 4.3 -0.7 
8 -7.9 -8.4 -0.5 7.9 7.1 -0.8 

10 -10.0 -10.4 -0.4 9.97 9.0 -1.0 
ie -18.0 -i2.S -0.5 12.03 11.0 -1.0 
IS -16.2 -15.8 -0.6 15.8 13.9 -1.3 
80 -20.7 -82.0 -1.3 20.8 19.2 -1.6 
86 -26.7 -28.6 -1.9 26.8 26.0 -0.9 
30 -33.5 -35.9 -8.4 33.7 33.0 -0.7 
SS -41.6 -44.0 -2.4 41.9 41.6 -0.3 
40 -61.8 -54.2 -2.4 63.4 52.6 -0.8 
45 -66.5 -68.5 -2.0 67.5 66.7 -0.8 

300 roar, V • 20.0 en/sec.     I    * 16.6 mA/cm } Ia * 16.4 mA/cm8. 

17b IS -6.85 -5.6 0.6 6.3 5.6 -0.7 
4 -12.68 -11.5 1.2 11.6 11.5 0.0 
6 -19.50 -17.7 1.8 19.6 17.7 -1.9 
8 -27.1 -24.5 2.6 27.3 24.5 -2.8 

10 -35, 9 -33.0 8.9 36.3 32.6 -3.5 
12 -47.1 -43.5 S.6 47.8 43.6 -4.8 
14 -63.5 -59.7 3.8 64.9 59.7 -6,2 
14.5 -69.4 -66.0 3.4 71.4 66.0 -6.4 

108 rpm} V - 6.80 cm/sec.     I    > c 
o 

-8.8 mA/cm { Ia  -8.9 mA/cm . 

17o 1 -5.8 -5.7 0.1 5.8 5.6 0.0 
8 -11.8 -11.9 -0.1 11.7 11.8 0.1 
3 -18.2 -18.4 -0.8 18.06 18.2 0.1 
4 -25.1 -25.6 -0.5 25.0 25.6 0.6 
S -33.0 -33.1 -0.1 32.7 33,3 0.6 
6 -42.7 -42.6 0.1 42.8 42.5 0.3 
7 -54.4 1-3 54.7 54.4 -0.3 
7.6 -64.9 -64.0 0.9 &'..6 62.0 -1.6 
8 

!    . 
-76.2 1. 4 7».4 73.2 -8.2 

N 
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Table 6 

Concentration and Chemical Polarisations 

at Various Rotational Speeds 

and Current Densities 

Solution No. 9, Series XI 
Initial composition* (0.1994 m/L KjFaCCtOg 

(0.2030 m/L K4Fe(CM)6 

(2.004 m/L NaOH 
T - 85°C. 
Rotor diameter (di) « 5.024 cm. 
Outer cylinder diameter  (d  )  • 9.87 cm. 

I Cathodlc Reduction of Fe(CN)g Anodic Oxidation of Fe{0H)g4 

ABconc.              «Dp                  A^chera.• ^oonc. o»T               ABchem. • 

Run 
mA/cm 

(oalo.)         (rasas.)            A»j-ABoonc. (calc.) (mean.)         oEr-AKoono, 
i         1 

Ho. mV                    mV                        mV mV mV                       mV 
1         1 

i   i 
1265 rpnj V • 333 cm/sec.       I    « 90.4 mA/cm2i I    « 87.0 mA/cm . 

IBa S -2.9               -3.1                     0.2 2.9 4.9                      2.0 1 
10 -5.7              -7.5                     -1.8 5.7 9.8                      4.1 | 
15 -8.7            -11.5                     -2.8 8.8 14,6                     5.8 I 
20 -11.7             -15.5                     -3.8 12.2 19.2                     7.0 1 
25 -14.8             -18.6                     -3.8 15.0 23.1                     8.1 * 
SO -18.0             -23.6                      -5.6 18.2 28.9                    10.7 | 
35 -21.3             -28.0                      -6.7 21.7 34.7                   13.0 1 
40 -24.7             -33.2                     -8.5 26.2 38.3                   13.7 1 45 -28.5             -38.0                     -9.6 29.1 43.2                   14.1 
50 -32.3             -43.1                       -10.8 33.3 48.7                    16.« I 
55 -36.7             -48.7                       -12.0 37.9 54.3                    16.4 
60 -41.4             -55.1                       -13.7 42.3 60.4                     18.1 1 
65 -47.0             -62.3                     -15.3 49.2 67.4                   18.8 I 
70 -53.5             -70.8                     -17.3 56.7 75.0                   18.3 ! 
75 -61.6            -81.8                     -20.3 66.5 83.5                   17.0 1 
77 -65.4             -87.3                     -21.9 71.3 88.3                   17.0 

! 
j 

657 rpm; V « 173 cm/sec.     I    « 55. 6 mA/cm j  Ifc 

a 
• 55.6 mA/cm 

18b 3 -2.8               -3.0                       -0.2 2.8 3.3                     0.5 
1 
1 j 

6 -5.6               -5.9                        -0.3 6.6 6.8                     1.8 i 
9 -8.4               -9.2                        -0.8 8.4 10.8                     1.8 j 

12 -11.5             -12.3                        -1.0 11.3 13.9                     8.6 
15 -14.2              -15.3                         -1.1 14.2 17.5                     3.3 
18- -17.3             -18.6                         -1.3 17.8 21.1                     3.9 
21 -20.4             -22.0                         -1.6 20.4 25.0                       4.6 i 
24 -23.7             -25.7                        -2.0 23.7 29.0                     5.3 i 
27 -27.2             -29.3                         -2.1 27.2 33.1                       5.0 ! 

30 -31.0             -33.2                         -2.2 31.0 37.1                       6.1 1 
1 

33 -35.0             -37.4                         -2.4 35.0 41.7                       6.7 
36 -39.5             -41.7                         -2.2 39.5 46.1                       6.6 
39 -44.6             -46.8                         -2.2 44.6 61.3                       6.7 
42 -50.6             -53.0                         -2.4 50.7 67.3                       6.6 
45 -57.6             -60.0                         -2.4 67.6 64.4                     6.8 
47 -63.6             -66.1                         -2.5 63.6 70.0                     6.4 

l> 

\ 
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